Folates are folic acid compounds that occur naturally in food; they are part of the vitamin B complex and are an essential nutritional component of the human diet. More than 150 folate compounds are known. Folates are characterized by a pteridine and a para-aminobenzoic acid ring, with up to 8 glutamate residues attached to the carboxyl terminus (l " Fig. 1 ). Folates are therefore Abstract !
Folate metabolism affects ovarian function, implantation, embryogenesis and the entire process of pregnancy. In addition to its well-established effect on the incidence of neural tube defects, associations have been found between reduced folic acid levels and increased homocysteine concentrations on the one hand, and recurrent spontaneous abortions and other complications of pregnancy on the other. In infertility patients undergoing IVF/ICSI treatment, a clear correlation was found between plasma folate concentrations and the incidence of dichorionic twin pregnancies. In patients supplemented with 0.4 mg/d folic acid undergoing ovarian hyperstimulation and oocyte pick-up, carriers of the MTHFR 677T mutation were found to have lower serum estradiol concentrations at ovulation and fewer oocytes could be retrieved from them. It appears that these negative effects can be compensated for in full by increasing the daily dose of folic acid to at least 0.8 mg. In carriers of the MTHFR 677TT genotype who receive appropriate supplementation, AMH concentrations were found to be significantly increased, which could indicate a compensatory mechanism. AMH concentrations in homozygous carriers of the MTHFR 677TT genotype could even be overestimated, as almost 20 % fewer oocytes are retrieved from these patients per AMH unit compared to MTHFR 677CC wild-type individuals. also referred to as pteroyl polyglutamates. Folic acid is a synthetic compound with a monoglutamate residue at the end of the carboxyl group; a pteroyl monoglutamate, it is the most stable form of folate. Folic acid is commonly used in pharmaceuticals and dietary supplements [1] . All of these vitamin-active compounds, whether they are natural or synthetic, are referred to under the umbrella term "folate". As the term "folic acid" is only used for the synthetic vitamin form, references such as "folic acid requirement" and "folic acid deficiency" are no longer strictly correct [2] . Individual folate compounds demonstrate different absorption rates; folic acid is highly absorbed, whereas the availability of folates from food is limited and difficult to assess on an individual basis. The bio-availability of individual folates in food is primarily influenced by the ratio of mono-and polyglutamates [3] , with a mean availability of around 50 % in a mixed diet [4] . Folates (from Lat. folium: leaf) are found in green leafy vegetables and wholemeal products. Because of their high water solubility and sensitivity to heat and light, longer storage and cooking times lead to a high loss of folate activity. Overall, folate intake in the European population is insufficient, and this particularly affects people with increased folate requirements, such as women wishing to become pregnant and pregnant women. The German Nutrition Society recommends that pregnant woman and women who wish to become pregnant consume at least 0.55 mg of a folic acid equivalent daily, which is rarely achieved without supplementary synthetic folic acid, even when adhering to a folate-rich diet [5] .
Zusammenfassung

Metabolism of Homocysteine and Folic Acid
!
The importance of folate and of sufficient folate intake is because of its role as a precursor to 5-methyltetrahydrofolate, which acts as a methyl group donor for the re-methylation of homocysteine to methionine (l " Fig. 2 ). Folate deficiency thus leads indirectly to elevated plasma homocysteine concentrations. Folate deficiency also results in lower concentrations of S-adenosyl methionine, an important methyl group donor required for epigenetic processes (gene methylation) and for basic processes of cell metabolism (DNA synthesis, protein synthesis). In addition to folate intake, enzyme methylenetetrahydrofolate reductase (MTHFR) plays a crucial role in the availability of 5-methyltetrahydrofolate and its methyl groups [1] (l " Fig. 2 ). This is biologically relevant in view of the numerous, relatively prevalent mutations of the MTHFR gene which significantly influence the stability and thus the functioning of the enzyme. The most common MTHFR mutation is a nucleotide exchange in position 677 of the MTHFR gene, (C<T) which involves amino acid substitution from alanine to valine in position 222 [6] [7] [8] . The resulting thermolabile MTHFR variant displays an activity loss of around 70 % in homozygous 677TT carriers, and of 35% in heterozygous 677CT individuals. In the Caucasian population, around 10 % of people are homozygous (677TT) and 40 % heterozygous (677CT). Only 50 % display the wild-type (677CC) mutation and thus uninhibited MTHFR activity. The MTHFR 677C>T polymorphism is clinically significant because of the resulting risk of elevated homocysteine concentrations and the reduced availability of S-adenosyl methionine as a methyl group donor [9] [10] [11] . However, this can be compensated for by an increasing folic acid or 5-methyltetrahydrofolate intake [1, 6-8, 11, 12] .
Clinical Significance of Folate Metabolism
!
There are numerous indicators that show that folate deficiency alone or in combination with MTHFR mutations and the resulting hyperhomocysteinaemia are associated with higher risks of complications in pregnancy, such as intrauterine growth retardation or increased rates of premature births and miscarriages [1, 12, 13] . This is clinically significant, as patients with recurrent spontaneous abortion (RSA) show a normalisation of initially elevated homocysteine concentrations within a few weeks after starting supplementation with 0.8 mg/d folic acid [13] . The homocysteine-lowering effect is most marked in RSA patients with an MTHFR 677T mutation, as these women initially have the highest homocysteine concentrations at baseline and subsequently showed the greatest decline in concentrations following folic acid supplementation [13] .
Folic acid substitution and neural tube defects
The most dramatic effect of folic acid fortification is the drop in the incidence of neural tube defects (NTD) after folic acid substitution. The importance of folate intake for human embryopathy was already suspected in the mid-1960s [14, 15] , and extensive empirical evidence for the preventative effect of the vitamin was subsequently collected in the 1980s and 1990s [15] [16] [17] [18] [19] [20] [21] [22] . In a meta-analysis of 8 case control studies Goh et al.
were finally able to demonstrate that periconceptional supplementation with folic acid-containing multivitamin preparations (folic acid dosage 360-800 µg/d; continued during the 1st trimester) reduced the NTD risk by 33 % (odds ratio [OR]: 0.67; 95 % confidence interval: 0.58-0.77) [23] . In their meta-analysis of three cohort studies and a prospective randomised controlled study, Blencowe et al. even found that NTD risk was reduced by 62 % by folic acid supplementation prior to conception (95 % CI: 0.49-0.71) [24] . In view of this data, more than 50 countries now promote supplementation programmes to improve the folate intake. In the USA and Canada, flour and breakfast cereals are enriched with folate and, despite the relatively low concentrations (additional folic acid intake of 80 to 200 µg/d), the prevalence of NTD has dropped by 19-23 % [25] [26] [27] and the incidence of spina bifida was reduced by 31 % [28] .
Folic acid fortification and anovulatory and oligoovulatory sterility
An initially unexpected effect of folic acid substitution on ovulation and subsequent conception rates was found in a subgroup analysis done within the Nursesʼ Health Study [29] ; the study found that the risk of anovulatory or oligoovulatory sterility was significantly reduced following regular folic acid intake, depending on the dosage, and that the incidence of anovulation-related sterility in women with the highest daily folic acid intake (topmost quintile) was reduced by 59%.
Folate Metabolism and Assisted Reproduction
!
The comprehensive study by Haggarty et al. carried out in the Grampian region of North-east Scotland found that folate status had far-reaching effects on aspects of assisted reproduction [30] . The study determined the regular folate and vitamin B 12 intake in detailed individual interviews with 602 women undergoing fertility treatment consisting of in vitro fertilisation (IVF) or intracytoplasmic sperm injection (ICSI). Serum folate and homocysteine concentrations were measured at the same time. Surprisingly, the analysis discovered that women with a high daily folic acid intake, high plasma folate concentrations and high plasma vitamin B 12 concentrations were significantly more likely to conceive twins. All IVF/ICSI patients were assessed following the transfer of 2 viable embryos, and, in addition to maternal age, plasma folate concentrations were found to be a major influencing factor for the rate of clinical twin pregnancies (l " Fig. 3 ) [30] .
Other indications for a link between folic acid metabolism and IVF pregnancy rates were reported in a prospective study by Broxmer et al. [31] . They analysed concentrations of homocysteine, vitamin B 12 (cobalamin) and folate in the blood and follicular fluids of IVF patients and investigated their effect on pregnancy rates following single embryo transfer. They found a positive correlation between plasma cobalamin concentrations and better embryo morphology as well as a significant association between high folate concentrations in follicular fluid and subsequent pregnancy rates (adjusted odds ratio 3.26; p < 0.03). The authors concluded that local folate/homocysteine metabolism in follicular fluid plays a significant role for embryogenesis and pregnancy rates [31] . Vitamin B 6 Vitamin B 12 Methionine synthase CH 3 Cystathionine synthase β 
Folate Metabolism and Ovarian Function
! MTHFR 677C> T polymorphism and incidence of dichorionic twins
Our own cohort studies show that the MTHFR 677T genotype is much less common in mothers of spontaneously conceived dichorionic twins compared to mothers with singleton births, and this difference was statistically significant [32] : While the typical genotype distribution in a Central European population was found in 159 mothers with singleton births (49% CC; 42 % CT; 50 % TT), only 23% of mothers of twins had the heterozygous and 5 % of mothers of twins had the homozygous T-allele. This means that the incidence of twins born to T-allele carriers was significantly reduced (0.43; 0.21-0.84; p = 0.008) [32] . This negative correlation between MTHFR 677T occurrence and the incidence of spontaneously conceived dichorionic twins is also found in global evaluations of different ethnic populations. A relatively high number of 677T-homozygous individuals (20%) are reported in Asian populations, where the incidence of spontaneous twin births is known to be relatively low (6 out of 1000) compared with African regions, where the incidence of spontaneous dichorionic twins is relatively high at 30 per 1000 and where the incidence of 677 T homozygosity is below detection limits. The Caucasian population holds a mid-position, with 11-13 dichorionic twin births out of 1000 and a 677 TT homozygosity of around 10% (l " Table 1 ) (compiled in [32] ).
MTHFR 677 C >T polymorphism and incidence of dichorionic twins
In subsequent studies, we investigated the biological mechanisms behind the influence of the MTHFR 667 T mutation on the incidence of dichorionic twins; specifically, we investigated the effect of mutation on folliculogenesis and ovulation, fertilisation and implantation. For this, we used a model of controlled ovarian hyperstimulation and of in-vitro fertilisation. In a total of 992 oocytes, we were able to show that neither in-vitro fertilisation rates nor implantation rates differed significantly within the three different MTHFR 677CT genotypes [33] . However, during controlled ovarian hyperstimulation, we found that MTHFR 677T genotype significantly affected FSH requirement, estradiol concentrations and number of retrieved oocytes. Carriers of the T mutation had significantly higher total levels of active recombinant FSH (p < 0.03) but significantly lower maximum estradiol concentrations (p < 0.002) and significantly fewer retrieved oocytes (p < 0.006). The older the patients were, the more pronounced the effect was [33] . In subsequent studies, we were able to demonstrate that primary cultures of human granulosa-lutein cells from IVF/ICSI patients with the MTHFR 677T genotype displayed significantly lower estradiol synthesis rates under standardised conditions in vitro [34] . The MTHFR effect was independent of FSH and LH receptor expression and function, as stimulation rates from recombinant FSH and LH were independent of MTHFR 677CT genotype (l " Figs. 4 a to c) [34] .
MTHFR 677 C >T polymorphism and increased folic acid substitution
Extensive studies suggest that the increased risk for neural tube defects [11, 12, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] and spontaneous abortion [35] and the increased homocysteine concentrations associated with MTHFR 677T mutation [13] can be compensated for by increased folate substitution. Our own initial investigations into the influence of MTHFR 677T mutation on the incidence of dichorionic twin pregnancies were conducted using folic acid substitution at a dose of just 0.4 mg/d, as recommended at the time [32] . Daily folic acid substitution during our studies into MTHFR 677T effects on ovarian hyperstimulation and estradiol synthesis also only consisted of 0.4 mg/d [33] . The American study by Rosen et al. then suggested for the first time that the MTHFR 677T effect on ovarian hyperstimulation could be reversed by a significantly higher folate intake, as is common in the USA (folic acid supplements in flour and cereals, higher vitamin doses in vitamin B tablets) [36] . In a follow-up study, we therefore investigated 271 IVF/ICSI Table 1 When evaluating different ethnic populations, a negative correlation was found between MTHFR 677TT homozygosity and the incidence of spontaneously conceived dichorionic twins: a relatively high number of MTHFR 677TT homozygous individuals (20 %) are reported in Asian populations where dichorionic twins are relatively rare (6 out of 1 000). In African populations, the incidence of spontaneously conceived dichorionic twins is relatively high at 30 per 1 000, while the incidence of MTHFR 677TT homozygosity is below detection limits. The Caucasian population holds a mid-position, with 11-13 spontaneously conceived twin births out of 1 000 and a MTHFR 677TT homozygosity of around 9% (modified from [23] ).
Incidence of twins The likelihood of having a twin pregnancy is dependent on maternal age (the younger the mother, the higher the probability). A positive correlation was found in every age group between the likelihood of twin pregnancy and plasma folate concentrations (X axis) (from [30] ).
patients who were given a daily dose of at least 0.8 mg/d folic acid or 0.4 mg/d folic acid in combination with 0.4 mg/d 5-methyltetrahydrofolate. In order to verify compliance with this folic acid regime, we individually interviewed a sample consisting of 71 of these patients about the regularity and dosage of their folic acid intake; in all cases we were able to confirm that the prescribed folic acid supplementation was taken regularly and correctly (Dr. Roman Pavlik, personal statement). We found significant changes in the key data for hyperstimulation treatment with this increased folic acid dosage, compared to our initial publication which was based on an intake of 0.4 mg folic acid/day. In contrast to the initial publication, we now found no direct MTHFR 677T effects on FSH requirement or the number of oocytes. However, multiple linear regression analysis again confirmed the negative influence of the MTFHR 677 TT genotype on the number of retrieved oocytes (p = 0.008) [37] . This initially unexpected finding could be explained by significantly increased anti-Müllerian hormone (AMH) concentrations in carriers of the MTHFR 677T genotype. Mean AMH concentrations in homozygous carriers of the MTHFR 677T genotype were highly significantly and heterozygous carriers of the MTHFR 677CT genotype were significantly (p = 0.002 and p = 0.04, respectively) higher than in MTHFR 677CC wild-type patients (l " Fig. 5 ) [37] . The elevated AMH values in carriers of the MTHFR 677T genotype indicate an increased rate of recruited follicles, suggesting a compensatory mechanism, whereby increased folate fortification compensates for the initially reduced cyclical recruiting in carriers of the MTHFR 677T genotype. Folate substitution with at least 0.8 mg/d thus completely nullifies the negative MTHFR 677T effect on the total number of retrieved oocytes, suggesting that folate fortification would be advisable for IVF/ICSI patients. At least in carriers of the MTHFR 677T genotype, increased folic acid substitution was associated with a relative increase in AMH concentrations [37] . The significant correlation between AMH concentrations and number of oocytes described above was confirmed for all 3 MTHFR 677CT genotypes (p < 0.001), with the regression line for MTHFR 677CC wild-type patients shifted upwards by almost 20 % compared with MTHFR 677TT individuals (l " Fig. 6 ; [37] ). This has a practical significance for clinical practice. It is important to be aware that AMH levels in 677TT patients, at least in patients receiving folate supplementation, are around 20 % higher, meaning that these levels could be interpreted as "incorrectly too high". In fact, the regression lines in l " Fig. 6 show that oocyte numbers are approximately 20 % lower at same AMH concentrations and with the stimulation regime in homozygous carriers of the MTHFR 677TT genotype. It is therefore advisable to factor in the individual MTHFR 677CT genotype and folate supplementation in the assessment of AMH concentrations. Under substitution with at least 0.8 mg/d folic acid, AMH concentrations in IVF/ICSI patients with a homozygous MTHFR 677TT mutation are significantly higher compared to heterozygous MTHFR 677CT patients (* p < 0.04) or wild-type MTHFR 677CC patients (** p < 0.002). This is particularly remarkable in view of the fact that there were no differences in the total number of retrieved oocytes between the different MTHFR 677 genotypes (from [37] ).
Conclusions
!
Folate metabolism affects ovarian function, implantation, embryogenesis and the entire process of pregnancy. In addition to its well-established effect on the incidence of neural tube defects, associations have been found between reduced folic acid levels and increased homocysteine concentrations on the one hand, and recurrent spontaneous abortion and other complications of pregnancy on the other. In infertility patients undergoing IVF/ ICSI treatment, a clear correlation was found between plasma folate concentrations and the incidence of dichorionic twin pregnancies. Negative effects on the number of retrieved oocytes and maximum estradiol concentrations on the day ovulation is triggered have been reported for MTHFR 677T patients under folic acid substitution of 0.4 mg daily undergoing ovarian hyperstimulation. These effects can be compensated for in full by increasing the daily dose of folic acid to at least 0.8 mg; this daily dosage seems advisable for IVF/ICSI patients. AMH concentrations are significantly increased in carriers of the MTHFR 677TT genotype who undergo adequate substitution, which could indicate a compensatory mechanism. In fact, AMH concentrations could even be overestimated in homozygous MTHFR 677TT carriers, as almost 20 % fewer oocytes are retrieved from them per AMH unit compared to carriers of the MTHFR 677CC wild-type.
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